Introduction
Biochemical, enzyme, and immunocytochemical studies to date have demonstrated that acid secretion by gastric parietal cells is based on the H-K ATPase-mediated active transport of H and K ions across the cell membrane AI-Awqati, 1986; Sachs et al., 1982; Smith and Scholes, 1982; Lee et al., 1974; Ganser and Forte, 1973) . The catalytic and antigenic sites of H-K ATPase are also known to be located in the plasma membrane of the microvilli and the limiting membrane of the tubulovesicular system of the parietal cells (Fujimoto et al., 1986; Koenig, 1984; Coulton and Firth, 1983; Smolka et al., 1983; Firth and Stranks, 1981; Saccomani et al., 1979; Rubin and Aliasgharpour, 1976 ).
The first successful attempt to determine the localization of this enzyme at the light microscopic level was done by Firth and Stranks (1981) , using a modification of the strontium-lead method of Ernst (1972) . Subsequently, Koenig (1984) employed a lead-based method derived from that of Mayahara et al. (1980) for detection of Na-K ATPase activity by light and electron microscopy levels. Fujimoto and colleagues (1986) reported the light and electron microscopic localization of H-K ATPase activity in guinea pig gastric mucosa, using a modification of the incubation medium of Mayahara et al., (1980) for Na-K ATPase cytochemistry which containsp-nitrophenylphosphate (pNPP) as substrate and lead citrate as capture agent for the phosphate liberated by DMSO-enhanced enzyme activity. However, each of these methods has the drawback of having to be performed under non-physiological pH conditions.
In the meantime, the use of cerium for the detection of a number of phosphatase activities has been advocated by some investigators (Kobayashi et al.. 1987; Okada et al., 1986; Robinson and Karnovsky, 1983a,b) because of its advantages over lead. It has been reported that (a) the cerium phosphate reaction product appears ultrastructurally as a very fine electron-dense precipitate, (b) cerium seems to be a better capture agent for inorganic phosphate than lead in that the reaction product is usually more consistently reproducible, and (c) nonspecific deposition of the reaction product, commonly encountered in the lead-based phosphate reaction, is virtually nonexistent when cerium is used as the capture agent (Robinson and Karnovsky, 1983b) . In the present study we exam-ined the possibility of using cerium in an incubation medium containing pNPP as substrate to detect the localization of gastric H-K ATPase activity at physiological pH.
The experiment was undertaken on the assumptions that (a) H-K ATPase exhibits a K-stimulated pNPPase activity (Forte et al., 1969) , (b) the gastric H-K ATPase complex within the gastric microsomal vesicles possesses two pNPP and one ATP hydrolytic sites (Ray and Nandi, 1986) . and (c) the optimal pH range for the enzyme activity is 7.0-8.0 using pNPP as substrate (Ljungstrom et al., 1984) . Biochemical experiments were also performed to prove the validity of the cerium-based medium.
Omeprazole. a potent inhibitor of gastric H-K ATPase activity (Wallmark et al., 1983; Fellenius et al., 1981) which has been reported to inhibit gastric H-K ATPase actively by oxidizing its essential sulfhydryl groups in the acidic condition (Im et al., 1985) . among other H-K ATPase inhibitors, was employed in control experiments to elucidate the effects ofspecific inhibitors for H-K ATPase on localization of the enzyme activity.
Materials and Methods
Chemicals. Fnitrophenylphosphate Mg salt (pNPP) and lewnisole were purchased from Sigma (St Louis, MO), 1,3-dicyclohexylcubodiimide (DCCD) was from Aldrich (Milwaukee, WI). ouabain was from Merck (Dumstadt. FRG), and Triton X-100 was from Pierce Chemical (Rockford. IL). Cerium chloride and the other chemicals were purchased from Wako Pure Chemicals (Osaka, Japan). Omeprazole (I-methoxy-2-(((4-methoxy-3,5,dimethyl-2-pyridinyl)-methyl)-~lfinyl)-1H-benzimiduole). from Hbsle's Chemistry Department (Molndal, Sweden), was a kind gift from Fujisawa Astra (Osaka, Japan).
Prepantion of Tissues. Wistar rats weighing 200-250 g, fed on a normal diet. were used. The animals were perfused through the heart, under sodium pentobarbital anesthesia, with physiological saline and then with 0.1 M cacodylate-buffered 2% paraformaldehyde (PFA), pH 7.4. 2% glutaraldehyde (GLA), or 2% PFA containing 0.2% GLA. The stomachs were removed and cut into slices less than 1 mm thick and were further fixed with the same fixative for 1 hr in the cold. After fwtion. the tissues were washed overnight in 0.1 M cacodylate buffer. pH 7.4. at 4'C. cut into 40 pm sections with a Microslicer (Dosaka EM; Kyoto, Japan), and then rinsed with IO mM Tricine buffer (pH 7.5). containing IO mM KCI and 10 mM MgC12, for 15 min.
Biochemical Procedure. To determine the optimal conditions for cytochemical localization of the enzyme activity, biochemical experiments were performed with non-frozen sections of fixed tissues. After r e m o d of excess moisture from the tissue with filter paper, sections of 10 mg wet weight were incubated under different conditions in 10 ml basal medium containing 50 mM Tricine buffer (pH 7.5), 50 mM KCI, 10 mM MgC12, 2 mM CeCIj. 2 mM pNPP, 2.5 mM levamisole, 10 mM ouabain, and 0.00015% Triton X-100 to facilitate penetration of incubation medium into the tissues (Robinson, 1981) . The medium was filtered through 0.22-pm pore size Millipore filters just before ux. hfrer 30 min incubation in a reciprocal shaking incubator at 37'C. the tissues were removed from the medium, and the absorbance ofp-nitrophenol produced by the hydrolysis of pNPP was measured at 400 nm in a Hitachi 22OA spectrophotometer (Hitachi; Tokyo, Japan).
The optimal pH and K ion concentration and the dependence of the enzyme activity on the amount of specimen were determined on tissues fwed with 2% PFA containing 0.2% GLA.
Various inhibitors were employed to w i n e the specificity of the enzyme activity detected in this experiment. Ouabain, NaF, and tartrate or NEM were directly added to the incubation medium at final concentrations of 10 mM, 2 mM, 10 mM, and 10 mM, respectively. DCCD dissolved in methanol was added to the medium to a final concentration of 1 mM DCCD and 10% methanol. Sodium vanadate (NajV04) was added only to the pre-incubation medium, which contained IO mM Tricine buffer (pH 7.I), 50 mM KCI. and 10 mM MgC12. The incubation was done without vznadate ions to prevent the medium from becoming cloudy. Omepruole was employed in the ethanol-dissolved form. Tissues were pre-incubated in 45 mM Tris-acetate buffer (pH 7.4) containing 1 mM omeprazole and 10% ethanol, for 20 min. and then in %is-acetate buffer (pH 5.0), also containing the same chemicals. for another 20 min at room temperature, before incubation in the reaction medium.
Cytochemical Procedure. Tissues prepared as described above were incubated in the basal medium supplemented with 10 mM tartrate, for 45 min at 37'C in a shaking incubator. As controls, tissues were incubated in the medium (a) in the absence of substrate, (b) with K ions replaced by Na ions, and (E) in the presence of the various inhibitors described above. After incubation, the tissues were washed with IO mM Tricine buffer, pH 7.4, and then with 0.1 M cacodylate buffer, pH 7.4. Post-fixation was done in 0.1 M cacodylate-buffered (pH 7.4) 1% os04 solution for 1 hr in the cold. Tissues were then dehydrated through a graded series of alcohol and propylene oxide and embedded in Spurr's epoxy resin (Spurr, 1969) for electron microscopy. Thin sections were made with a Reichert OmU4 Ultracut (Reichert-Jung; Vienna, Austria), post-stained with uranyl acetate and lead citrate. and observed under a JEM 100s (JEOL; Tokyo, Japan) electron microscope.
Procedure for Light Microscopic Observation. Light microscopic visualization of the cerium-based cytochemical reaction was performed by the method of Okada et al. (1987) . After the cytochemical reaction, tissue sections were rinsed with IO mM Eicine buffer, pH 7.5, and then with water. Subsequently, the sections were incubated in 0.1% lead nitrate aqueous solution for 10 min at room temperature, washed in water. immersed in 1% yellow ammonium sulfide for 1 min. and washed in water.
The specimens were mounted in gelatin on glass slides. The site of the enzymatic reaction was colored brownish when observed by light microscopy. Figure 1 shows the effect of pH in the incubation medium on the enzyme activity. Ouabain-insensitive K-pNPPase activity was optimal at pH 7.5. The accumulation of p-nitrophenol was greatly reduced above pH 8.5. The relationship between the amount of tissue and the enzyme activity was also examined (Figure 2) . Fnitrophenol concentration increased linearly in proportion to the amount of tissue in the medium. The effects of ouabain and K ion concentration on the accumulation ofp-nitrophenol are shown in Figure 3 . The enzyme activity became gradually more intense with the increase in the concentration of K ions, and remained constant above 50 mM. The accumulation ofp-nitrophenol was slightly inhibited by ouabain at concentrations above 2.5 mM. This is not surprising, because the levels of Na-K ATPase in gastric mucosa are known to be low (Ganser and Forte, 1973) , and the sodium pump of rat tissues is very resistant to inhibition by ouabain (Clawn and Hensen, 1974) . The effects of strength of fixation on the enzyme activity were evaluated using three kinds of fixatives ("hble 1). The tissues fixed in 2% PFA with 0.2% GLA, or in 2% GLA, yielded respectively 61% and 26% of the enzyme activity detected in tissues fixed in 290 PFA. After incubation in a medium from which cerium ions had been omitted, the accumulation ofp-nitrophenol released by the enzyme activity of the tissues was 1.7-1.8 times higher than in the medium containing cerium ions, regardless of the strength of fixation. When K ions were removed from the medium by replacing them with Na ions, the enzyme activity and ouabain ( -) concentration on pNPPase activity. Tissues were fixed in 2% PFA containing 0.2% GLA. The enzyme activity increased gradually with the increase of K ion concentration and became constant over 50 mM K ion in the presence of 10 mM ouabain.
Results

Biochemical Experiments
The enzyme activity was slightly reduced by ouabain above 2 5 mM. Values given are the mean f SE of four determinations.
of the tissues fixed with 2% PFA, 2% PFA containing 0.2% GLA, or with 2% GLA was found to be 41%, 45%. and 92O16, respectively, of that in the full medium. The dependence of the enzyme activity on the presence of K ions decreased remarkably with strong fixation.
Control Studies
The specificity of the ouabain-insensitive K-pNPPase activity detected in the present experiment was determined in control studies using the following inhibitors: (a) omeprazole and DCCD, which are potent inhibitors of H-K ATPase (Wallmark et al., 1983; Sachs et al., 1982; Fellenius et al., 1981) ; (b) tartrate, which inhibits acid phosphatase (Okada et al., 1982) ; (c) NaF, which is an inhibitor of both H-K ATPase and acid phosphatase (Okada et al., 1982) ; and (d) NajV04, which inhibits the E I -E~ type but not the F1-F2 type of H-K ATPase (Rabon et al., 1985) . NaF exerted a powerful inhibitory action under weak fixation, and the enzyme activity was slightly inhibited by tartrate ( Table 1) . When incubation was carried out in the full medium containing DCCD and methanol, the enzyme activity was intensely inhibited under strong fixation conditions. Methanol did not have any effect on the enzyme activity. Heat-treated specimens had almost no enzyme activity ( Table 1) . The enzyme activities of tissues pre-incubated with vanadate ions or with omeprazole are shown in Table 1 . The inhibitory a c t of vanadate was more intense under weak fmtion than under strong fmtion conditions. Pre-incubation in a medium containing omepratole inhibited 71%, 62%, and 35% of the enzyme activity detected in tissues incubated in the full medium fixed with 2% PFA, 2% PFA with 0.2% GLA, and 2% GLA, respectively. Ethanol preincubation inhibited 2446, IS%, and 40% of the enzyme activity. The treatment with omeprazole brought about a 62% and a 58% inhibition of the enzyme activity in tissues fixed with 2% PFA or 2% PFA containing 0.2% GLA, respectively, as compared with those pre-incubated in a medium containing 10% ethanol only. The enzyme activity in tissues fixed with 2% GLA was not affected by omeprazole treatment.
Cytochemical Evperiments
The cerium-based incubation medium containing ouabain and tartrate proved to be useful for cytochemical localization of gastric H-K APase. By light microscopy, the parietal cells appeared brownish. The surface mucous cells. chiefcells. lamina propria, and muscle layer were negative for enzyme activity (Figure 4) . At the electron microscopic level, enzyme activity was found in the parietal cells with a well-developed tubulovesicular system fixed with 2% GLA. The reaction product was observed at the microvilli of the luminal surface and the intracellular canaliculi. The lateral membrane, its processes beneath the junctional complex between parietal cells and chiefcells, and the basal cell membrane were almost devoid of enzyme activity. The plasma membrane of the chief cells was negative for activity. Endothelial cells, fibrocytes, and intercellular spaces were also negative (Figure 8 ). At higher magnification (Figure 9) , the reaction products were found as fine, electron-dense deposits in the cytoplasm just beneath the plasma membrane of the microvilli of the parietal cells. No reaction product was found on the luminal side of the plasma membrane or in the intercellular space. Weak activity was observed at the membrane of the tubulovesicular system. Few precipitates were detected on the mitochondria. The plasma membranes of endocrine cells and the surface mucous cells constituting the gastric glands had no enzyme activity (data not shown).
In the controls, no enzyme activity was detected on the gastric glands of tissues incubated in the substrate-free medium (Figure   10 ) or in the heat-treated tissues incubated in the full medium (data not shown). The parietal cells were hardly stained after incubation in potassium-free medium (Figures 5 and 11) . Omeprazole inhibited the enzyme activity, and the gastric glands were less stained (Figure 7) than those pre-incubated in the ethanol-containing medium without omeprazole (Figure 6) . The amount of reaction precipitate in the parietal cells was markedly reduced (Figure 15 ) when compared with that in the parietal cells pre-incubated with ethanol only (Figure 14) . The reaction deposits in these cells were also diminished when tissues were incubated in the presence of DCCD (Figure 13 ). Ten percent methanol had no effect on the enzyme activity (Figure 12 ).
Discussion
The cerium-based reaction medium previously reported for Na-K b ATPase (Kobayashi et al., 1987) was here employed, with slight modifications. to detect the localization of H-K ATPase activity in rat gastric mucosa. This seemed to be a reasonable choice. because H-K ATPase has been considered to be analogous to Na-K ATPase by virtue of the detection of a phosphoenzyme intermediate during ATP hydrolysis and its antiport properties with respect to H and K ions (Stewart et al., 1981) , and because its amino acid constitution is similar to that of the alpha-subunit of Na-K ATPase (Peters et al., 1982) ; the amino acid sequence of the ATP binding sites showed an almost complete analogy between H-K ATPase and Na-K ATPase (Farley and Faller, 1985) . Fnitrophenylphosphate was used as substrate because of the presence of pNPP-and ATPhydrolytic sites within the H-K ATPase complex of purified pig gastric microsomal vesicles (Ray and Nandi, 1986) . and because K ion has been reported to stimulate ATPase and pNPPase activities (Ljungstrom et al., 1984) . Moreover, K-stimulated, Mg-requiring ATPase was shown to coincide with a K-stimulated pNPPase in purified oxyntic cell microsomes (Ganser and Forte, 1973) . and finally, because all attempts to elucidate the localization of Na-K ATPase activity with reaction media using ATP as substrate were usually unsuccessful owing to the non-enzymatic. lead-catalyzed hydrolysis of ATP (Novikoff, 1970; Rosenthal et al.. 1970) and to the presence of nucleotides in the reaction products (Firth, 1974) . Cerium ion was employed as capture agent of the phosphate ion liberated from the substrate by the enzyme activity for the reasons mentioned in the Introduction.
The optimal conditions of the cytochemical medium and the specificity of the enzyme were determined biochemically. Ljung- (1984) reported that the pH optimum for K-pNPPase activity was 7.0-8.0 in the presence of 10-20 mM K ion. and that any further increase in the K ion concentration decreased the K-pNPPase activity of the H-K ATPase purified from pig gastric mucosa. In the present study, the optimal pH for the enzyme activity was found to be 7.5 in the presence of 50 mM K ion. The difference in dependence of the enzyme activity on the K ion concentration could be due to the type of tissue fixation or to the presence of cerium ions in the reaction medium. The fact that the enzyme activity in the fixed gastric glands was slightly inhibited by ouabain is in agreement with the biochemical data, because gastric microsomes have been reported to have rather little Na-K AT-Pase in the bullfrog and the rabbit (Tanisawa and Forte, 1971; Limlomwongse and Forte, 1970) . The intensity of fixation affected the enzyme activity of the tissues, i.e.. strong fixation with GLA caused a decrease in the enzyme activity similar to that reported by Fujimoto et al. (1986) with the lead-based cytochemical method of K-stimulated gastric pNPPase activity. As for the inhibitory effect of the metal ion employed as capture agent, cerium caused a 40-43% inhibition of the enzyme activity (Table 1) . which is lower than the corresponding value with lead ions because the latter inhibited 80% of the enzyme activity according to Fujimoto et al. (1986) . The inhibition rate of ouabain-sensitive pNPPase activity by 2 mM cerium ions has been previously reported to be about 70% with purified Na-K ATPase fued with 2% PFA containing 0.05% GLA (Kobayashi et al.. 1987) . It therefore appears that the K-pNPPase in the gastric glands is less sensitive to this ion than ouabain-sensitive pNPPase.
As inferred from the experiments on the effects of K ion and ouabain on the pNPPase activity, the reaction detected in the present study appears to be caused by ouabain-insensitive, K-dependent pNPPase activity. The characteristics of the enzyme activity were assayed using various inhibitors for H-K ATPase activity. NaF, which has been reported to inhibit H-K ATPase activity in the plasma membrane of dog stomach (Sachs et al., 1976) . was also a strong inhibitor of the pNPPase activity detected in our experiment (Table l). However, this substance is also an inhibitor of acid phosphatase activity (Okada et al.. 1982) , and therefore the effect of tartrate, another acid phosphatase inhibitor, on the ouabaininsensitive K-pNPPase activity was also investigated. The rate of inhibition with tartrate was considerably lower than with NaF (Table l). Consequently, the ouabain-insensitive K-pNPPase activity detected under the present conditions was assumed to be derived mainly from H-K ATPase activity and partly from acid phosphatase activity. NajVOq. which inhibited both H transport and K ionstimulated ATPase in gastric microsomes (Rabon et al., 1985) . also inhibited ouabain-insensitive K-pNPPase in this experiment. More specific inhibitors of H-transporting ATPase activity, such as DCCD and omeprazole, were also employed. DCCD is known to inhibit gastric H-K ATPase activity in the plasma membrane and microsomes (Sachs et al., 1982) and H ATPase in the inner membrane of mitochondria (Pedersen and Hullihen, 1984) . DCCD inhibited ouabain-insensitive K-pNPPase activity of tissues fixed with GLA, but the enzyme activity of tissues fixed with PFA or PFA plus GLA remained unaffected as compared with that of tissues incubated in the absence of DCCD (Table 1 ). The sensitivity of DCCD to fixation was remarkably in contrast with that of NaF and NajV04, which strongly inhibited the enzyme activity in weakly fixed tissues. The difference might be explained by the fact that DCCD has higher affinity for the strongly fixed enzyme than for the weakly fixed one, although this remains to be determined. The use of DCCD in control experiments with strongly fixed tissues has the advantage of specifically detecting the activity of ouabain-insensitive K-pNPPase, since that of ouabain-sensitive pNPPase is completely repressed under strong fixation conditions (Mayahara et al., 1980; Kobayashi et al., 1987) .
Omeprazole is a potent inhibitor of gastric H-K ATPase (Fryklund et al., 1988; Lorentzon et al., 1987; Wallmark et al., 1985; Fimmel et al., 1984; ,Yamamoto et al., 1984; Konturek et al., 1983; Larsson et al., 1983; Fellenius et al., 1982) , which oxidizes the enzyme essential sulfhydryl groups under acidic conditions (Im et al., 1985) . In our preliminary experiments, ouabain-insensitive K-pNPPase activity was hardly inhibited when tissues fixed in PFA were pre-incubated in a medium containing omeprazole adjusted to pH 7.5, and it was only weakly inhibited when pre-incubation was carried out at pH 5.0 (data not shown). However, when tissues pre-incubated with omeprazole at pH 7.5 were subsequently incubated at pH 5.0. the enzyme activity was drastically inhibited (Table 1 ). The most likely explanation for the remarkable inhibition induced by the latter treatment is that omeprazole acquired an active form and combined with H-K ATPase at low pH after permeating the parietal cells in the inactive form at neutral pH.
Omeprazole showed more effective inhibition in weakly fixed tissues than in strongly fixed o n s , as was also the case with NaF and Na3V04. DCCD, on the other hand, displayed more affhity for stronger fixation, such as PFA containing GLA in concentrations above 1% (data not shown), or GLA alone (Table 1) . Because the ouabain-insensitive K-pNPPase activity of tissues was repressed by the simple addition of ethanol to the medium, it is recommended that omeprazole, in contrast to DCCD, be used with weakly fixed tissues in control experiments.
In the present light microscopic study, intense reaction of K-stimulated pNPPase activity was localized only in parietal cells of the gastric glands. This confirms previous reports (Coulton and Firth, 1988; Fujimoto et al., 1986; Kocnig, 1984;  Coulton and Firth, 1983; Firth and Stranks, 1981; Rubin and Aliasgharpour, 1976) .
Ultracytochemically, this enzyme activity was observed at the microvilli of the luminal surface membrane and the intracellular canaliculi of the parietal cells, whereas the tubulovesicular system exhibited a weak reaction. Therefore, the reaction product is seen at the light microscopic level at the central portion of the cell, which corresponds to the location of the intracellular canaliculi. Moreover, the localization obtained with the present method is much more specific than the results provided by the other current methods, as no diffusion (Firth and Stranks, 1981) , or nonspecific staining (Koenig, 1984; Fujimoto et al., 1986) occurs. The fact that the reaction product was observed both at the plasma membrane of the intracellular canaliculi and at the tubulovesicular system suggests the interrelationship between the luminal surface membrane, the intracellular canalicular membrane, and the tubulovesicular system (Fujimoto et al., 1986; Koenig, 1984; Smolka et al., 1983) , and also confirms the evidence thus far available that the degree of acid secretion is paralleled by an increase in both number and size of the microvilli lining the intracellular canaliculi and a decrease in the tubulovesicles (Jacobs and Sturtevant. 1982; Di Bona et al., 1979; Rubin and Aliasgharpour, 1976) . It has been reported that the microvilli projecting into both glandular and intracellular canalicular lumina display the same intense reaction as the region corresponding to the tubulovesicles (Fujimoto et al., 1986; Koenig, 1984) . In the present experiment, however, the tubulovesicular system showed weaker ouabain-insensitive K-pNPPase activity than the microvilli. The discrepancy in the results could be merely a reflection of the different physiological conditions of the parietal cells. Moreover, in contrast to previous reports using the lead-based method, which indicated the presence of the reaction product on the plasma membrane (Fujimoto et al., 1986) , the ouabaininsensitive K-pNPPase activity detected in the present experiment with the cerium-based medium was visualized as a fine, electrondense deposition just beneath the plasma membrane of the microvilli and the tubulovesicular system. The inorganic phosphate catalyzed by the enzyme is known, biochemically, to be liberated in the cytoplasmic side of the plasma membrane. Therefore, the localization of the reaction product yielded by the present method seems to be more adequate than that provided by other current methods.
The cerium-based cytochemical method proved to be useful for detection of the localization of H-K ATF' asc activity in gasuic glands, and can be performed in the physiological pH range. Omeprazole was demonstrated to be a specific inhibitory drug for the H-K ATP- ase localized at the plasma membrane of microvilli bordering the intracellular canaliculi and the limiting membrane of the tubulovesicular system of the parietal cells.
